The mechanisms of laser ablation in silicon are investigated close to the threshold energy for pulse durations of 500 fs and 50 ps. This is achieved using a unique model coupling carrier and atom dynamics within a unified Monte Carlo and molecular-dynamics scheme. Under femtosecond laser irradiation, isochoric heating and rapid adiabatic expansion of the material provide a natural pathway to phase explosion. This is not observed under slower, nonadiabatic cooling with picosecond pulses where fragmentation of the hot metallic fluid is the only relevant ablation mechanism.
The mechanisms of laser ablation in silicon are investigated close to the threshold energy for pulse durations of 500 fs and 50 ps. This is achieved using a unique model coupling carrier and atom dynamics within a unified Monte Carlo and molecular-dynamics scheme. Under femtosecond laser irradiation, isochoric heating and rapid adiabatic expansion of the material provide a natural pathway to phase explosion. This is not observed under slower, nonadiabatic cooling with picosecond pulses where fragmentation of the hot metallic fluid is the only relevant ablation mechanism. Laser ablation is the process by which macroscopic amounts of material are ejected from the surface of a solid irradiated by a short, intense, laser pulse. In spite of its ubiquitous nature in many areas of technology [1] , a satisfactory understanding of the fundamentals of laser ablation has been hampered by a complex phenomenology involving multiple length and time scales [2] .
In metals and semiconductors, below the threshold energy for dielectric breakdown and plasma formation (I p 10 13 W=cm 2 ) [2, 3] , it is often argued that a system is pushed into the metastable region as a result of rapid heating [4] [5] [6] [7] ; phase separation follows from large, local, density fluctuations, i.e., homogeneous bubble nucleation in the metastable (superheated) liquid. This process, known as phase explosion or explosive boiling, has often been suggested based on the observation of liquid droplets in the plume for typical pulse durations of 10 ns [8] . However, the above interpretation fails for ultrashort (&1ps) pulses where heating is isochoric and explosive boiling takes place, instead, as the system adiabatically cools into the metastable region [2, 9] . Moreover, using molecular dynamics (MD) and a simple Lennard-Jones model, Perez and Lewis have established the occurrence of fragmentation in the fs regime, thereby revealing a new path for the ejection of liquid droplets [9, 10] . Thus, if a clear picture of ultrashort-pulse laser ablation is beginning to emerge, a definite assessment for longer (ps to ns) pulses has yet to come.
In this Letter, we report on the fundamental mechanisms of matter removal during short-pulse laser irradiation of Si for energies close to the ablation threshold but below that for plasma formation. Using a combined MD and Monte Carlo (MC) approach capable of capturing both microscopic and mesoscopic-scale dynamics, we follow the thermodynamic trajectory of the system in the temperature-density (-T) plane during heating, expansion, and cooling for pulse durations of 500 fs and 50 ps. We show that, in spite of similarities between the expanding plumes (see Fig. 1 ), the mechanisms of matter removal are fundamentally different. In brief, rapid heating is observed to pull the system away from the metastable region, in contrast to the scenario reported in, e.g., Ref. [4] . The extent to which thermal diffusion takes place as the system subsequently cools towards the liquid-gas regime is found to be determinant for the ablation process. As shown below, this suggests a pulse duration upper limit for phase explosion of 10 ÿ11 s.
A complete description of our model will be given elsewhere. In short, classical MD is used to follow the motion of atoms which interact via the Stillinger-Weber (SW) potential [11] . Two systems, consisting of 99 000 3 supercell, are used for pulse durations of 500 fs and 50 ps, respectively. Periodic boundary conditions are applied in the x and y directions. In the z direction, normal to the surface, we proceed as follows: (i) to simulate heat diffusion into an infinite bulk, the crystal is terminated by a Langevin heat bath [12] ; (ii) to mimic the propagation of pressure waves beyond the bottom of the supercell, a single atomic layer, to which an appropriate set of forces are applied, is added [6] .
The laser pulse of duration L (FWHM) has L 266 nm (h 4:66 eV) and is Gaussian in time but spatially constant; it is simulated by the successive arrival of photons which couple to ''carriers.'' Here, a carrier is a particle (electron or hole) which follows Drude dynamics while undergoing various scattering events, each with its own characteristic collision time . The position at which a photon is absorbed along the z axis is determined from Beer's law, i.e., it has a probability 1 ÿ expÿl c of being absorbed within each of the cells of side l c 5 A dividing the supercell; is the local absorption coefficient with contributions from interband and intraband transitions [5nm ÿ1 for c-Si and l-Si]. In an interband event, an electron-hole pair is created with total kinetic energy h ÿ E G , where E G is the band gap energy: each carrier is given velocity v and kinetic energy m v 2 =2, where the effective mass m (the only free parameter in the model) is chosen such as to reproduce the experimental melting threshold fluence at L and L 15 ps [13] . In an intraband transition, which is the only absorption process in the metallic molten material (see below), the carrier energy is increased by h.
As mentioned above, the hot electrons and holes relax through a cascade of scattering events [1] . This is taken into account using a standard MC approach [14] . In the present model, carrier-carrier scattering allows carriers to exchange energy ( c-c 10 fs, [1] ). Heating, and eventually equilibrium at a common lattice (T) and electronic (T e ) temperature, is achieved through carrier-phonon scattering whereby a quantum of energy of 62:6 meV (c-Si, [14] ) or 50 meV (l-Si) is given to nearby atoms if T e > T ( c-ph 10 fs, [15] ). In the crystal, additional scattering processes include Auger recombination and impact ionization [16] . As a final point, Si, like other group IV and III-V semiconductors, is metallic in the liquid state [17] : coordination increases from 4 to 6 and the electron density jumps to 10 23 cm ÿ3 . In our model, the semiconductor-to-metal transition is simulated by generating electrons (up to four per atom) at the rate at which the local coordination increases.
All simulations started from a Si(100) substrate at 300 K. Figures 1(a) -1(c) display the early stages of matter removal for a 500 fs pulse slightly above the threshold fluence for ablation, F a th 0:35 J=cm 2 ; the corresponding irradiance is 7 10 11 W=cm 2 , well below I p . About 1 ps after the beginning of the pulse, a hot (8000 K) and highly pressurized (10 GPa) liquid layer has formed at the surface [ Fig. 1(a) ]. The subsequent scenario is as follows: (i) more solid material is transformed into a liquid metal as the melt front propagates further into the bulk; (ii) closer to the surface, the relaxation of the pressure buildup within the liquid layer causes the latter to rapidly expand into vacuum, eventually leading to void nucleation [ Fig. 1(b) ] and to the ejection of a large piece of material with a velocity 200 m=s [ Fig. 1(c) ], i.e., ablation occurs. Note that the strongly excited Si crystal may, under fs laser irradiation, undergo an ultrafast, nonthermal melting transition which cannot be accounted for by empirical potentials such as SW [2] . Although the details of the energy deposition may depend on the path from solid to liquid, this is not expected to influence the nature of the ablation process occurring on much longer time scales.
As proposed in Ref. [9] , it is possible to directly determine the mechanisms of matter removal by following the time evolution of the system in the -T plane. To this effect, three distinct thermodynamic trajectories are computed: macroscopic (or average), dense (solid and/or liquid), and gas. This approach differs from other MD studies where the ablation mechanisms have been qualitatively assessed from a visual inspection of the plume [6] .
A typical trajectory for the 500 fs pulse is given in Fig. 2(a) . The starting point is a crystal at 0 2:33 g=cm 3 and T 300 K (marked A). The incoming laser energy is transferred to the ions in about 1 ps. No significant expansion occurs on this time scale and the result is a hot metallic liquid at high pressure and 0 (B). The pressure is then released via mechanical expansion and the liquid-gas regime is approached as the system adiabatically cools. The rapidly expanding material, eventually entering the metastable region (C), is pushed close to the spinodal limit (dashed line) and homogeneous nucleation of gas bubbles in the superheated liquid takes place. This is indicated by the separation of the dense and macroscopic branches (D) and the concomitant appearance of a gas branch, thus revealing a decomposition of the metastable phase into a mixture of liquid and gas (D ! E). Two remarks are in order: (i) the same trajectory can also be plotted in the T-P plane (see inset); this allows a direct comparison with the thermodynamic pathway proposed by Miotello and Kelly whereby the system is pushed into the metastable region at constant pressure as it is rapidly heated [4] ; clearly, this is incorrect. (ii) Although the possibility of a spinodal decomposition-in the mechanically unstable region below the spinodal curve [2] -cannot be completely excluded, it is unlikely to be responsible for ablation since the voids grow as highly localized perturbations, i.e., bubbles [ Fig. 1(b) ].
The above scenario, observed across the whole ablated region, confirms that phase explosion is the primary ejection mechanism under near-adiabatic cooling [2, 9] ; we have obtained similar results for a 5 ps pulse. However, as the pulse duration is increased, i.e., under slower heating conditions, slower expansion and significant thermal diffusion are expected. We show below that this has important consequences for matter removal. Figure 2 (b) displays a typical trajectory for ablation with a 50 ps pulse slightly above the threshold fluence, F b th 0:45 J=cm 2 . As in the case of a fs pulse, heating is fast enough to pull the liquid away from the binodal (where it is in equilibrium with the vapor), thus causing the system to initially evolve above the liquid-gas coexistence region and reach a supercritical state (F). In contrast to fs irradiation, however, significant expansion occurs during the pulse, i.e., heating is nonisochoric. Also, the system does not cross the binodal line in a homogeneous state: rather, the split of the dense and macroscopic branches, marking the onset of ablation, takes place outside of any phase coexistence region (G). Thus, in this case, matter removal cannot be attributed to phase explosion nor spinodal decomposition. The above behavior has been observed over the entire ablated volume above F b th : we have not found a single case where the metastable region is accessed in a homogeneous state. Simulations using a two-dimensional Lennard-Jones model for pulse durations of a few tens to a few hundreds of ps corroborate these observations [20] .
P H Y S I C A L R E V I E W L E T T E R S
The breakup of an expanding supercritical fluid during short-pulse laser ablation has recently been attributed to fragmentation [9] . As discussed below, this is proposed as the primary ablation mechanism under nonadiabatic cooling conditions. It can be seen as a structural rearrangement of the system into clusters during the expansion caused by the pressure buildup. Two limits must be considered: (i) under fs irradiation, the rapid expansion of the material can be such that the equilibrium structure can no longer be preserved (e.g., by atomic diffusion); (ii) for significantly longer pulses, the equilibrium structure is likely to be maintained during the (slower) expansion. However, because a fluid at sufficiently low densities is in general not homogeneous, its dissociation into fragments is still possible and is referred to as ''trivial'' fragmentation [10] . In any case, fragmentation should not be confused with spallation whereby the material is brought into the solid-gas coexistence region by strong tensile pressure waves [10] .
The dynamics of a homogeneous system cooling towards the liquid-gas regime depends strongly on the rate at which it expands. This is revealed in Fig. 2(c) for a section of the unablated material irradiated by a 50 ps pulse. Heating is nonisochoric and, as it cools, the system reaches the binodal (H). The key point is that, although it does so in the same region as for a 500 fs pulse [point C in Fig. 2(a) ], the slower expansion allows significant heat diffusion to take place: the system does not enter the metastable region but, rather, cools along the binodal by thermal diffusion. As detailed below, the absence of explosive boiling for sufficiently long pulses is the result of slow material expansion and efficient heat conduction.
Based on these observations, a schematic overview of the thermodynamic pathways to ablation for pulse durations of 10 ÿ13 to 10 ÿ8 s emerges as depicted in Fig. 3 and discussed below:
(i) Miotello and Kelly have argued that, for sufficiently short (&1000 ns) pulses, rapid heating pushes the system into the metastable region where homogeneous nucleation of gas bubbles takes place [4] ; in the -T plane, this can conceptually be represented by K ! M. If this were so, explosive boiling would be the only mechanism relevant to short-pulse laser ablation.
(ii) The existence of various ablation mechanisms can be understood if one considers, instead, that rapid heating pulls the system away from the metastable region; the rate at which expansion proceeds as the material subsequently cools is determinant for the ablation process. This is best [18] ; dashed line: spinodal [19] ; cross: critical point [19] . Arrows indicate the flow of time.
viewed by considering an arbitrary point of entry into the metastable region along the binodal (W). Under fs irradiation, isochoric heating leads to the buildup of a strong pressure within the material, later released via mechanical expansion. At high energies, the resulting rapid expansion causes the breakup of the supercritical fluid through fragmentation (A ! A 00 ! U) [10] . Closer to the threshold energy, however, the expansion is too slow to induce fragmentation. Nevertheless, it is sufficiently rapid to push the system into the metastable regime (near the spinodal limit) before significant thermal diffusion has occurred (A ! A 0 ! W ! Y), i.e., cooling is adiabatic. Homogeneous bubble nucleation then sets in, converting the superheated material into a mixture of liquid and gas (Y ! Z), a first-order transition. Conversely, under irradiation with long (ns) pulses, the material responds to the slow heating with a slow expansion along the binodal (C ! W), likely up to the critical point where phase separation proceeds via a second-order transition; for L * 100 ns, vaporization may also be important [8] .
(iii) Consequently, there must exist a ''critical'' pulse duration, c L , beyond which phase explosion is suppressed. This is illustrated by the trajectory B ! B 0 ! W for a pulse of intermediate (ps) duration. Following nonisochoric heating the system cools towards the liquid-gas regime. Here, however, expansion occurs in a time of the order of, or greater than, the characteristic time for heat conduction ( th 10 ÿ11 s, [21] ). As a result, the system cools along the binodal by thermal diffusion, i.e., it does not enter the metastable region and phase explosion does not take place. In this case, only those regions associated to an expansion above the critical point contribute to the ablated mass (B ! V), here through a fragmentation process (trivial or not).
In summary, explosive boiling is particular to ultrashort-pulse laser irradiation where near-isochoric heating conditions lead to a rapid adiabatic cooling of the material. This regime is characterized by (i) the time needed to induce a collective motion of the atoms, s =c s , where 1= and c s are, respectively, the optical penetration depth and the speed of sound [6] We are most grateful to D. Perez for fruitful discussions. P. L. also wishes to thank K. Sokolowski-Tinten and D. von der Linde for useful insights. This work has been supported by grants from the Canada's NSERC and Québec's FQRNT. We are indebted to the Réseau québé-cois de calcul de haute performance for generous allocations of computer resources. 
